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Summary We aimed to investigate how early and late work shifts influenced the diurnal
cortisol rhythm using a within-subjects study design. Participants were 30 healthy male non-
smoking pilots, mean age 39.4, employed by a short-haul airline. The standard rotating shift
pattern consisted of 5 early shifts (starting before 0600 h), followed by 3 rest days, 5 late shifts
(starting after 1200 h) and 4 rest days. Pilots sampled saliva and completed subjective mood
ratings in a logbook 6 times over the day on two consecutive early shift days, two late days and
two rest days. Sampling was scheduled at waking, waking + 30 m, waking + 2.5 h, waking + 8 h,
waking + 12 h and bedtime. Waking time, sleep duration, sleep quality and working hours were
also recorded. Cortisol responses were analysed with repeated measures analysis of variance with
shift condition (early, late, rest) and sample time (1—6) as within-subject factors. Early shifts
were associated with a higher cortisol increase in response to awakening (CARi), a greater total
cortisol output over the day (AUCG) and a slower rate of decline over the day than late shifts or
rest days. Early shifts were also associated with shorter sleep duration but co-varying for sleep
duration did not alter the effects of shift on the cortisol rhythm. Both types of work shift were
associated with more stress, tiredness and lower happiness than rest days, but statistical
adjustment for mood ratings did not alter the findings. Early shift days were associated with
significantly higher levels of circulating cortisol during waking hours than late shifts or rest days.
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In industrialised countries, almost one in five workers parti-
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Open access under CC BY-NC-ND license.replace each other in the same role (ILO, 2004). The most
common shift pattern in the UK is a two-shift double-day
system, consisting of early and late day shifts (such as 6 am—
2 pm and 2 pm—10 pm), with workers alternating on a routine
basis (Steel, 2011). Large-scale prospective cohort studies
have found that rotating shift work is associated with
increased risks of weight gain (Suwazono et al., 2008),
diabetes (Pan et al., 2011), heart disease (Fujino et al.,
2006), stroke (Brown et al., 2009) and some cancers (Kubo
et al., 2006). Adverse health consequences are thought to
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ous circadian timing systems and behavioural sleep/wake and
feeding cycles (Ruger and Scheer, 2009). Controlled labora-
tory studies, designed to mimic shift work sleep/wake dis-
ruption, have demonstrated disruptions to the normal 24-h
cycle of a number of metabolic, autonomic and endocrine
system indicators (Griefahn and Robens, 2010; Ribeiro et al.,
1998; Scheer et al., 2009).
The influence of shift work on the hypothalamic—pitui-
tary—adrenal (HPA) axis has been identified as a potential
mechanism through which circadian desynchrony may lead to
ill-health (Nader et al., 2010). Circulating cortisol levels
naturally follow a circadian rhythm. Cortisol peaks in
response to morning waking, declines gradually over the
day, falls further after the onset of sleep and rises gradually
in the early hours of the morning before waking (Spath-
Schwalbe et al., 1992; Wilhelm et al., 2007). The HPA axis
also reacts to physical or perceived stressors, leading to
temporary increases in circulating cortisol. The awakening
response or CAR is thought to be a discrete phenomenon
superimposed on the circadian cycle of cortisol release, and
is a phasic response to the sleep-wake transition (Kudielka
et al., 2012). Total cortisol output over the day or area under
the curve (AUC) and the slope or rate of decline over the day
are also frequently studied as indicators of HPA axis function
(Adam and Kumari, 2009). For example, the magnitude of the
awakening response was positively correlated with job stress
in a recent meta-analysis (Chida and Steptoe, 2009);
increased cortisol secretion over the day was predictive of
depression (Stetler and Miller, 2011) and a flatter diurnal
slope predicted cardiovascular mortality in over 4000 com-
munity-dwelling adults (Kumari et al., 2011).
Studies which have examined the association between
waking time and the CAR have found contrasting results.
In the series of studies which first characterised the awaken-
ing response, Pruessner et al. (1997) reported that the
cortisol increase after waking showed moderate intra-indi-
vidual stability (r = 0.39—0.70, p < 0.001) and, importantly,
was independent of time of waking. This latter finding has
been replicated by a number of other studies (e.g. Born
et al., 1999; Kunz-Ebrecht et al., 2004; Wust et al.,
2000a,b). In direct contrast, two small studies in shift work-
ers (Federenko et al., 2004; Williams et al., 2005) and two
studies in community-dwelling adults reported that earlier
waking was associated with a significantly heightened corti-
sol increase on awakening (Edwards et al., 2001; Kudielka
and Kirschbaum, 2003). A recent case study measured the
CAR on 50 occasions in one student and reported a wide range
of values for the waking increase (3.6—39.0 nmol/l). In this
individual, waking cortisol, but not the mean increase, was
significantly associated with waking time (Stalder et al.,
2009).
Salivary cortisol is increasingly used as an indicator of HPA
function in epidemiological studies (Adam and Kumari, 2009).
Clarification of time of waking effects is important not only
for interpreting shift work effects but also for the design and
interpretation of future studies. It is possible that between-
subjects differences in the CAR attributed to early waking
above (Edwards et al., 2001; Kudielka and Kirschbaum, 2003)
were confounded by unmeasured individual trait character-
istics such as coping style (O’Donnell et al., 2008) or pre-
ferred ‘morningness’ chronotype (Kudielka et al., 2006). Toremove potential for systematic differences between groups
of early and late ‘awakeners’, within-subject comparisons
may be most appropriate design for understanding time of
waking effects. Kudielka and Kirschbaum (2003) used a
within-subjects design but did not account for time-varying
factors such as sleep duration (Kumari et al., 2009), exercise
(Scheen et al., 1998), positive affect or negative affective
states on the day of testing (Jacobs et al., 2007; Steptoe
et al., 2005). A previous study from our group showed that
the same workers waking for an early shift (mean waking time
0400 h  41 m) had a higher CAR than on later day shifts
(waking time 0739 h  94 m) or rest days (waking time
0804 h  78 m) (Williams et al., 2005). Shift differences in
the CAR were no longer significant after controlling statisti-
cally for perceived stress and lower sleep quality on early
shift mornings.
The CAR is thought to be controlled independently of
cortisol output over the remainder of the day so waking
for an early shift may have different implications for other
aspects of the cortisol rhythm (Schmidt-Reinwald et al.,
1999; Wust et al., 2000a). Edwards et al. (2001) reported
that earlier waking was followed by prolonged elevation of
cortisol for several hours. A recent study comparing waking
and evening cortisol samples in two groups of bus drivers
suggested that there was less decline over the day in early
shift workers than afternoon shift workers, but the samples
were not timed in relation to waking (Diez et al., 2011).
We aimed to investigate how early and late shift patterns
influenced the CAR, the rate of diurnal decline and total
cortisol output over the day using a within-subjects study
design. We recruited UK-based airline pilots working a rotat-
ing two-shift pattern consisting of 5 early shifts (starting
before 0600 h), 3 rest days, 5 late shifts (starting after
1200 h) and 4 rest days. To reduce variability in the cortisol
responses, we included only healthy non-smoking men
(Kudielka and Kirschbaum, 2003; Steptoe and Ussher,
2006). Pilots’ work hours are regulated and therefore accu-
rate records of work-related hours were available. We con-
sidered the influence of a range of potential confounding
factors including work demands, stress and happiness over
the day, sleep duration and sleep quality, alcohol and
exercise.
2. Methods
2.1. Participants
Participants were healthy male non-smoking pilots employed
by one short-haul passenger airline based in the United
Kingdom. An invitation to participate in a research study
to explore work fatigue was emailed to trade union members.
To be eligible, participants had to work full-time on the
standardised shift pattern, consisting of 5 early shifts, fol-
lowed by 3 rest (non-working) days, 5 late shifts and 4 rest
days (5-3-5-4 pattern). Early shifts required the pilot to start
work before 0600 h and late shifts after 1200 h, followed by
7—12 h on duty. Pilots typically flew 2 or 4 flights per day, of
between 45 m and 5 h in length, returning home overnight.
Approximately 85% of pilots fulfilled these criteria, according
to a prior workforce survey. Pilots routinely taking steroid
medication were excluded. During the 4 weeks allocated for
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30 were eligible. All 30 were sent detailed study information
and gave written consent to participate. The study was
approved by the UCL Research Ethics Committee.
2.2. Procedure
Participants received a sampling pack by post containing
instructions, a logbook and 36 labelled Salivettes (Sarstedt,
Germany). Participants collected saliva 6 times over the day
on 2 consecutive days for each of 3 shift conditions: early
shifts, late shifts and rest days. Although participants pre-
dominantly worked a 5-3-5-4 pattern, a computerised alloca-
tion system assigned occasional variations. To allow for this,
participants were permitted to separate each 2-day sampling
block by up to 10 days. An established sampling schedule was
used capture the diurnal cortisol rhythm: waking (S1),
waking + 30 m (S2), waking + 2.5 h (S3), waking + 8 h (S4),
waking + 12 h (S5) and bedtime (S6) (Kumari et al., 2009).
Participants were asked to avoid eating, drinking caffeinated
drinks or brushing their teeth for 15 m before each sample
and to record alcohol or exercise on the sampling day. Waking
was defined as ‘as soon as you open your eyes and while you
are still in bed’. Bedtime was defined as ‘the time at which
you try to go to sleep’. At the time of the first sample,
participants recorded time of going to bed the previous night,
time of waking and time of sample 1. As a measure of sleep
quality, pilots were asked ‘Did you sleep well last night?’ with
possible responses: ‘1’ (yes, I slept well), ‘2’ (quite well) or
‘3’ (no, I did not sleep well). At each subsequent sampling
point they used the logbook to record the time and ratings of
stress, happiness and tiredness over the previous 30 m on a
scale from ‘0’ (not at all) to ‘4’ (extremely high). On work
days, pilots also recorded duty hours, flying hours and the
number of sectors (landings). Participants provided demo-
graphic information via a questionnaire. Salivettes were
refrigerated and returned to the investigators by post. Sali-
vary cortisol was measured using an enzyme-linked immuno-
sorbent assay (ELISA) (SLV-2930, DRG International, Inc., USA)
at the Technical University Dresden, Germany. The intra- and
inter-assay coefficients of variation were less than 8%.
2.3. Analysis
Samples taken more than 15 m from the timed protocol were
excluded, including wake-up samples delayed >15 m post
awakening (Dockray et al., 2008). Extreme cortisol values
(3 SD from the mean) were excluded. Paired t-tests were
used to test for differences between pairs of samples at the
same time point within each shift condition. There were no
significant differences and values were all positively corre-
lated so mean values were calculated for each sample point.
Cortisol results were skewed so logarithmic transformations
were computed to generate distributions suitable for para-
metric analyses. Analyses were carried out on transformed
values, but raw data are presented in the figures. Where data
were missing from one of the 2 days within a shift, data from
the alternate day was used to maximise data availability.
Cortisol values were incomplete for 3 participants; analyses
are presented for 27 complete cases. The cortisol awakening
response (CARi) was calculated as the mean increasebetween sample 1 (waking) and sample 2 (waking + 30 m).
Cortisol output over the day (AUCG) was calculated using the
trapezoid formula for area under the curve with respect to
ground (Pruessner et al., 2003), based on all 6 samples.
Diurnal slopes for each participant were calculated by regres-
sing cortisol values on sample time using a piecewise
approach to generate a mean rate of reduction in cortisol
per hour. The slope was anchored on the waking sample and
excluded the second (waking + 30 m) value (Cohen et al.,
2006).
Cortisol responses were analysed with repeated measures
analysis of variance (ANOVA) with shift condition (early, late,
rest) and sample time (1—6) as within-subject factors. The
Greenhouse—Geisser correction was applied where assump-
tions of sphericity were violated. Aspects of the diurnal
cortisol rhythm which may have clinical significance (the
CARi, AUCG, diurnal slope and bedtime sample) were also
analysed in separate repeated measures ANOVAs, with shift
condition as the within-subject factor.
Paired t-tests were used to test differences between duty
hours, flying hours and sectors across early and late work
shifts. Maximum sleep duration was estimated as the time
between waking and bedtime the previous evening. Waking
hours were the difference between waking and bedtime the
same evening. Shift differences in wake-up time, bedtime,
waking hours, sleep duration and sleep quality were inves-
tigated using repeated measures ANOVAs. Mean values for
subjective mood ratings at each time point within each shift
condition were calculated. Subjective ratings were analysed
with repeated measures ANOVAs with shift condition (early,
late, rest) and sample time (1—6) as within-subject factors.
Paired t-tests were used to confirm significant differences
between pairs of values. Correlations between cortisol and
subjective ratings both at individual sampling points and
mean stress/happiness/tiredness over the day for each shift
condition were calculated. If work factors, time of day
factors or subjective ratings differed significantly by shift
or were significantly correlated with cortisol responses, we
investigated whether these factors could explain shift differ-
ences in the CARi, AUCG or diurnal slope by entering mean
values for each shift as time-varying covariates in repeated
measures ANOVAs, using the mixed command. SPSS version
18.0 was used for all statistical analyses.
3. Results
Characteristics of participants with complete cortisol data
are outlined in Table 1. All pilots had worked at least 3 years
for their employer and had worked as a pilot for 3—37 years.
3.1. Shift characteristics
Waking times ranged from 0340 to 0530 h on an early shift,
0621 to 1225 h on a late shift and 0641 to 0925 h on a rest day.
Early shifts were associated with significantly earlier waking,
a longer waking day and shorter sleep duration than late
shifts or rest days (Table 2). Bed-time was significantly later
on a late shift. Sleep quality did not differ significantly
between conditions. Objective work demands did not differ
between work shifts. Drinking alcohol was more common on
rest days.
Table 1 Characteristics of participants with complete cor-
tisol data, n = 27.
n (%)
Rank
Captain 14 (51.9)
First officer 13 (48.1)
Age
20—29 4 (14.8)
30—39 11 (40.7)
40—49 8 (29.6)
50—59 4 (14.8)
BMI, mean (SD) 25.6 (2.52)
Years as pilot, mean (SD) 12.7 (10.0)
Years working for current employer, mean (SD) 5.9 (2.3)
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In separate repeated measures ANOVAs, there were significant
main effects of shift condition and time for both happiness and
tiredness (F(2,52) > 4.94—6.86, p < 0.005); and a significant
main effect of shift (F(2,52) = 5.80, p = 0.005) but not time on
stress, illustrated in Fig. 1a—c. There were significant shift-time
interactions for stress (F(2,52) = 2.73, p = 0.007) and happiness
(F(2,52) = 5.98, p < 0.001). Happiness was at a low-point at the
start of an early shift, but peaked on all days mid-afternoon.
Stress decreased at the bedtime sample on rest and late days,
but peaked before bed on early shifts. Tiredness tended to
reduce from waking + 30 m to waking + 2.5 h, and then increase
throughout every day. Mean daily ratings correlated positively
within individuals between work shifts and to a lesser extent rest
days; for example, mean happiness on an early shift correlated
with late (r = 0.785, p < 0.001) and rest day happiness
(r = 0.575, p = 0.002). There were no consistent correlations
between different mood states within a shift condition that
neared significance; for example, daily stress was not correlated
with daily happiness (r = 0.017 to 0.235, p > 0.364). Overall,
both work shifts were associated with significantly greater meanTable 2 Characteristics of early and late work shifts and rest days
a,b,cSignificantly higher value than earlya, lateb or restc days ( p <
Early 
Waking hours and sleep quality
Time of waking (h) 0426  0023 
Bed-time (h) 2131  0043 
Waking hours (h) 17.0  0.8b,c
Sleep duration (h) 7.0  0.7 
Poor sleep quality 2.1  0.6 
Work demands
Duty hours (h) 8.0  1.5 
Flying hours (h) 5.4  1.2 
Sectors (landings) 2.7  0.7 
Behaviours on day of shift
Consumed alcohol, % 29.6 
Exercised for >10 min, % 20.4 stress and tiredness than a rest day, and lower happiness (paired
t-tests, p < 0.01), Fig. 1d.
3.3. Cortisol responses
3.3.1. Main shift effects
Cortisol responses on each of the three conditions are illu-
strated in Fig. 2. In unadjusted analyses, there were signifi-
cant main effects of shift condition (F(2,52) = 10.15,
p < 0.001), time of sample and a shift by time interaction
( p < 0.001). There were main effects of shift on the CARi
(F(2,52) = 17.82, p < 0.001), output over the day (AUCG)
(F(2,52) = 22.58, p < 0.001) and diurnal slope
(F(2,52) = 5.09, p = 0.024). The awakening response was
greatest on an early shift, resulting from both a lower waking
value and a higher peak 30 m later (Table 3). Early shifts were
also associated with a greater area under the curve and a
slower rate of decline over the day than late shifts or rest
days. Late shifts were associated with higher cortisol at
bedtime than the other conditions.
3.3.2. Impact of sampling delays
An increase in cortisol after waking was observed in the
majority of participants but a minority had a negative
response to waking: n = 1 on an early shift, n = 7 on a late
shift and n = 4 on a rest day. All participants with a negative
CARi had a positive CARi on at least one other occasion. In
case delays of up to 15 m between waking and the first
sample influenced the negative CARs, we excluded partici-
pants with 10 m or more delay between waking and sample 1
on any shift condition (Griefahn and Robens, 2011). Based on
this subsample, all 17 pilots recorded a positive CARi, on an
early shift, but a minority still recorded a negative CAR on a
late shift (n = 3) or a rest day (n = 2). The effects of shift on
cortisol responses did not differ from those described above
with a higher CARi, a higher AUCG and a slower rate of decline
on an early shift ( p < 0.01). Only the effect of the late shift
on higher bedtime samples was no longer statistically sig-
nificant (F(2,32) = 3.08, p = 0.060). Owing to the similarities
in data with the larger sample size, we report data for all 27, mean  standard deviation or percentage (%) of participants.
 0.05).
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Figure 1 Subjective mood ratings over the day for (a) stress, (b) happiness, (c) tiredness at waking + 30 min, waking + 2.5 h,
waking + 8 h, waking + 12 h and bedtime for early shifts (^, full black line), late shifts (~, dashed line) and rest days (*, dotted line).
(d) Mean daily ratings for early (black bars), late (grey bars) and rest days (white bars). a,b,cSignificantly higher than earlya, lateb or
restc days ( p < 0.05). Error bars denote standard error of the mean.
Early shift work and the diurnal cortisol rhythm 537respondents (with delays of up to 15 m before the sample) in
remaining analyses.
3.3.3. Correlations between cortisol and other
variables within each shift condition
There were no correlations between the CARi, AUCG, or
diurnal slope with waking time, time of bedtime sample,
sleep duration or sleep quality with that were consistent
across all three shift conditions. Cortisol values on waking
(S1) and bedtime (S2) were not consistently associated with
waking times or sleep variables. There were no consistent
patterns of association between mood states and cortisol
across shifts. There was no association between cortisol
indicators and age, rank or daily reports of alcohol or
exercise.0
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Figure 2 Mean cortisol at waking, waking + 30 min, waking + 2.5 h,
black line), late shifts (~, dashed line) and rest days (*, dotted li3.3.4. Shift differences in cortisol in multivariable
models
Shift differences in the CARi, AUCG and diurnal slope per-
sisted when mean stress and happiness ratings over the day
for each shift condition were included as time-varying cov-
ariates (CARi F(2,53.6) = 16.3; AUCG F(2,52.6) = 24.4; slope
F(2,54.4) = 3.24; all models p < 0.050). There was no differ-
ence to the main effects when subjective ratings were
limited to morning values, or if tiredness ratings were
included. The addition of subjective ratings did not signifi-
cantly improve model fit, based on the 2 restricted log
likelihood test. The effect of shift condition on the CARi,
AUCG and slope remained robust after adjusting for sleep
quality or sleep duration. Shift differences in the AUCG and
diurnal slope were also independent of the CARi when02:0022:0018:00
e of Day
 waking + 8 h, waking + 12 h and bedtime for early shifts (^, full
ne). Error bars represent standard error of the mean.
Table 3 Salivary cortisol on early and late work shifts and rest days, mean  standard deviation. a,b,cSignificantly higher value
than earlya, lateb or restc days ( p < 0.05).
Early Late Rest
Cortisol (nmol/l), natural log
Waking cortisol, S1 2.50  0.54 2.85  0.31a 2.85  0.26a
Waking + 30 m, S2 3.34  0.43b 3.11  0.40 3.20  0.32
Bed-time cortisol, S6 0.68  0.64 0.98  0.78c 0.45  0.92
Increase on waking, CARi 0.83  0.38b,c 0.25  0.41 0.35  0.35
Area under curve, AUCG 32.8  6.80b,c 26.4  6.50 23.7  7.29
Diurnal slope 0.11  0.06 0.15  0.07a 0.20  0.18a
538 S. Bostock, A. Steptoeentered into the same model ( p < 0.001). Adjustment for
age, rank or years experience as a pilot did not alter any of
the significant shift effects described above.
4. Discussion
Early work shifts, which involved waking before 0530 h, were
associated with a higher cortisol increase in response to
awakening (CARi), a greater total cortisol output over the
day (AUCG) and a slower rate of decline over the day than late
shifts or rest days, which involved waking after 0620 h. Early
shifts were also associated with shorter sleep duration but
co-varying for sleep duration did not alter the effects of shift
on the cortisol rhythm. Both types of work shift were asso-
ciated with more stress, tiredness and lower happiness than
rest days, but statistical adjustment for mood ratings did not
explain the increased cortisol output on early shift days.
We discuss the results relating to the cortisol awakening
response followed by the two other cortisol measures. Two
previous studies using a within-subject design similarly found
that waking before 0530 h for an early shift was associated
with a higher CARi: compared to afternoon shifts and rest
days in London underground rail workers (Williams et al.,
2005) and compared to afternoon and night shifts in nurses
(Federenko et al., 2004). Kudielka and Kirschbaum (2003)
also reported between-subject effects of early waking on the
CARi in 102 community dwelling subjects, when ‘early’ was
defined through cluster analysis as earlier than 0803 h (early
mean waking time 0649 h  0.06; late mean 0943 h  0.09).
Between-subjects effects were reported in a study of non-
shift workers (n = 36) where early waking was defined as
before the median waking time, 0721 h, but the range of
waking times was not specified (Edwards et al., 2001).
In spite of the ‘early’ versus ‘late’ group effects described
above, a number of large studies have reported that the CAR
is independent of time of waking (Kunz-Ebrecht et al., 2004;
Pruessner et al., 1997; Stalder et al., 2009). For example,
Wust et al. (2000b), found no association between waking
times and the CARi or awakening response calculated as area
under the curve (CARAUC) in over 500 adults, with a wide
range of waking times (0420—1245 h). In the current study,
we also found no correlation between time of waking and
CARi, AUCG or diurnal slope within any single shift condition.
The apparent group (early vs. late) effects in the absence of a
linear association between waking time and the CARi might
be explained by a threshold effect. There could be a thresh-
old time, or a stage of sleep, before which the HPA axis is
hypersensitive to awakening. Two studies argue against apurely physiological threshold. Hucklebridge et al. (2000)
found a smaller CARAUC when 11 volunteers were woken at
0400 h than 0800 h. Born et al. (1999) reported no difference
in blood cortisol levels in 15 volunteers sleeping in a labora-
tory woken at 0600 h or 0900 h. However, neither of these
studies was conducted under typical work conditions. Born
et al. specified that subjects stay in bed for 3 h post waking
and Hucklebridge et al. did not specify work day sampling.
Born et al., importantly showed that anticipation of the
earlier waking time was associated with an ACTH surge
before waking, proving that anticipation pervades sleep.
On an early shift, pilots were typically due to start work
within 90 min of waking. Waking for imminent work might be
associated with greater anticipation of stress on the preced-
ing evening, which may be indicated by the peak in stress
levels observed before bedtime on early shifts. If anticipation
of stress pervades sleep, it might also be that HPA axis
reactivity to this psychological stress is greater during the
circadian low. It has been shown that lower basal levels of
cortisol are associated with heightened cortisol reactivity to
standardised laboratory stressors during the day (Kudielka
et al., 2004). Cortisol reaches its nadir in the early hours of
the morning during slow wave sleep (Spath-Schwalbe et al.,
1991), so theoretically, waking from these low levels could be
associated with a hyper-reactivity to psychological stress.
Williams et al. (2005) reported that shift differences in the
CARi were no longer significant after adjustment for ratings
of stress at 30 m post waking. Shift differences in the CARi did
persist after co-varying for stress and happiness in the cur-
rent study, but we only asked participants to rate their stress
over the previous 30 m, not anticipated stress (Fries et al.,
2009). In a case study of one subject over 50 mornings,
Stalder et al. (2010), reported that the area under the curve
45 m post waking was predicted by anticipated study day
obligations or anticipated lack of leisure, but not by stress
measured on the same day. Future research could incorpo-
rate alternative methods such as the day reconstruction
method for assessing psychological states before and during
different work shifts, in association with cortisol monitoring
over more than two consecutive days, to further investigate
psychobiological interactions (Daly et al., 2010; Kahneman
et al., 2004).
Another factor which may have contributed to the ele-
vated CARi on early shifts is lack of sleep. Early shifts in this
study were associated with shorter sleep duration. Animal
studies have shown that sleep restriction is a mild activator of
the HPA axis and may also alter reactivity to stress (Meerlo
et al., 2002). In a cross sectional study of over 2750 older
Early shift work and the diurnal cortisol rhythm 539adults, self-reported short sleep duration was associated with
an increased CARi and a shallow diurnal slope, after adjusting
for a number of covariates, including stress on the day of
testing. Poor sleep quality over the last month was also
associated with a less steep diurnal slope (Kumari et al.,
2009). We did not find reliable correlations between sleep
duration or quality and cortisol responses within shifts, but this
may be owing to the small sample or the narrow distribution of
sleep durations within each shift. Shift differences in the CARi,
AUCG and diurnal slope and persisted after adjustment for
sleep duration and quality, indicating that sleep was not the
primary driver of between shift differences in cortisol metrics.
To our knowledge, this is the first study to systematically
compare the cortisol profile from waking to bedtime on early
versus late day shifts and rest days in a naturalistic setting.
Early shifts were associated with greater overall cortisol
output over the day, in line with the study by Edwards
et al. (2001), in which the early waking group showed greater
mean cortisol when measurements were taken up to 12 h post
waking. A recent study in bus drivers reported a less marked
decline over the day for early shifts (n = 16) compared to
afternoon shifts (n = 31) (Diez et al., 2011). The present study
confirms this relationship using a more robust research
design; the study by Diez et al. (2011), was limited by the
single day of sampling, a between-groups design with limited
adjustment for potential confounding variables and failure to
specify sampling times in relation to waking.
Shift differences in the AUCG and diurnal slope were
independent of the CARi in this study which reinforces the
assumption that these metrics are influenced by separate
mechanisms (Wilhelm et al., 2007). Greater 24-h cortisol
output and a flatter cortisol slope have been linked to an
increased risk of cardiovascular mortality in two recent
large-scale epidemiological studies (Kumari et al., 2011;
Vogelzangs et al., 2010), increasing the potential prognostic
significance of these indicators. Heightened cortisol
responses to acute psychosocial stress have been linked to
increased risks of hypertension (Hamer and Steptoe, 2012)
and progression of coronary artery calcification (Hamer
et al., 2012). Chronic oversecretion of cortisol in Cushing’s
syndrome is associated with hyperglycaemia, insulin resis-
tance and dyslipidaemia (Whitworth et al., 2005). Elevated
exposure to cortisol over the day on early shifts, if repeated
routinely on a chronic basis, might promote pathogenic
processes including insulin resistance (Anagnostis et al.,
2009). Longitudinal studies which include repeated measure-
ments of cortisol profiles by shift condition and changes in
cardiovascular risk factors over time will be necessary to
investigate whether cortisol exposure is one mechanism
contributing to increased risks of heart disease in rotating
shift workers (Fujino et al., 2006).
A striking feature of this study is the large within-individual
variation in the diurnal cortisol rhythm depending on early shift,
late shift or rest days, illustrated in Fig. 2. There were no
significant differences in mean cortisol values for the key metrics
on consecutive days within a shift condition, but overall the CAR
on an early shift (for example), was not significantly correlated
with the CAR on a rest or late day ( p > 0.400). Wide individual
variability in the CAR was also reported over 50 days in the case
series by Stalder and colleagues (3.6—39.0 nmol/l) (2009), rais-
ing questions about the reliability of ‘normal’ values for the CAR
without reference to waking time and anticipated work require-ments (Wust et al., 2000b). In order to assess ‘trait’ differences
in the CAR, a minimum of 2 days of consecutive measures have
been suggested, with 6 days recommended (Hellhammer et al.,
2007). Studies measuring cortisol in population studies should
identify shift workers and specify work or rest day sampling for
all participants. In order to improve current understanding of
waking time effects on the diurnal cortisol rhythm, it would be
helpful for future studies to report sleep and waking times, sleep
duration and where possible, psychosocial factors, in relation-
ship to cortisol indicators.
The study was conducted on a relatively small conveni-
ence sample of male airline pilots and findings may not
generalise to women or other professions. However similar
findings relating to the CAR have been reported in male and
female nurses and train workers, suggesting that the findings
may be applicable to other professions working a two-shift
system (Federenko et al., 2004; Williams et al., 2005). A
strength of this study was the continuation of sampling from
waking to bedtime, over 6 days, enabling us to investigate
the diurnal slope and total daily output. Despite the small
sample, adherence to the protocol by pilots was high com-
pared to salivary cortisol studies in shift workers. For exam-
ple, Federenko et al. (2004) reported that 9 out of 24 nurses
provided complete data and Williams et al. (2005) obtained
complete data from 22 out of 32 London underground work-
ers. We relied on subjective ratings of sleep quality and
duration which may not accurately reflect objective mea-
sures (Jackowska et al., 2011). Similarly we used self-
reported waking time and records of sampling times. Previous
studies have found good agreement between objective and
self-reported waking (Dockray et al., 2008). Subjective mood
ratings in this study were limited to recent stress, tiredness
and happiness, while future studies could consider prior day
anticipation of work demands.
In conclusion, we report that male pilots show a heightened
cortisol awakening response, greater cortisol output over the
day and a slower rate of decline on early shift days compared to
late shift work days and rest days. The mechanisms leading to
elevated cortisol on early shift days are unclear but early
waking, anticipated stress and short sleep may play a role.
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